ABSTRACT: Largazole is a macrocyclic depsipeptide originally isolated from the marine cyanobacterium Symploca sp., which is indigenous to the warm, blue-green waters of Key Largo, Florida (whence largazole derives its name). Largazole contains an unusual thiazolineÀthiazole ring system that rigidifies its macrocyclic skeleton, and it also contains a lipophilic thioester side chain. Hydrolysis of the thioester in vivo yields largazole thiol, which exhibits remarkable antiproliferative effects and is believed to be the most potent inhibitor of the metal-dependent histone deacetylases (HDACs). Here, the 2.14 Å-resolution crystal structure of the HDAC8Àlargazole thiol complex is the first of an HDAC complexed with a macrocyclic inhibitor and reveals that ideal thiolateÀzinc coordination geometry is the key chemical feature responsible for its exceptional affinity and biological activity. Notably, the core structure of largazole is conserved in romidepsin, a depsipeptide natural product formulated as the drug Istodax recently approved for cancer chemotherapy. Accordingly, the structure of the HDAC8À largazole thiol complex is the first to illustrate the mode of action of a new class of therapeutically important HDAC inhibitors.
H istone deacetylases (HDACs) catalyze the hydrolysis of acetylated lysine side chains in histone and nonhistone proteins, and these enzymes are implicated in a number of biological processes such as cell differentiation, proliferation, senescence, and apoptosis. 1À3 The metal-dependent enzymes are classified by amino acid sequence relationships as class I HDACs (1, 2, 3, and 8), class IIa HDACs (4, 5, 7, and 9) , class IIb HDACs (6 and 10), and the class IV enzyme, HDAC11. 4 These HDACs adopt the R/β fold first observed in arginase, a metalloenzyme that utilizes a Mn 2+ 2 cluster to catalyze L-arginine hydrolysis. 5 However, the metal-dependent HDACs utilize only a single metal ion, either Zn 2+ or Fe 2+ in vivo, for catalytic function. 6 Aberrant HDAC activity is found in various diseases, most notably cancer, making these enzymes critical targets for therapeutic intervention.
7À9
HDAC inhibitors block the proliferation of tumor cells by inducing cell differentiation, cell cycle arrest, and/or apoptosis, and these compounds comprise some of the leading therapies approved or in clinical trials for cancer chemotherapy. 7À11 The primary affinity determinant of an HDAC inhibitor is a functional group that coordinates to the active site Zn 2+ ion, such as a hydroxamic acid. A hydroxamic acid will ionize to form an exceptionally stable 5-membered ring chelate with the active site Zn 2+ ion, as first demonstrated in a thermolysinÀhydroxamate complex. 12 Perhaps the best known hydroxamic acid inhibitor of the HDACs is suberoylanilide hydroxamic acid (Zolinza), which was the first HDAC inhibitor approved for cancer chemotherapy. 13 The Zn 2+ -binding moiety of an HDAC inhibitor is tethered to a "capping group" that interacts with the mouth of the active site cleft. The most structurally complex capping groups are found in macrocyclic peptide and depsipeptide inhibitors (a depsipeptide contains both amide and ester linkages). 7 For example, romidepsin (Istodax, Figure 1 ) is a macrocyclic depsipeptide that was recently approved for the treatment of cutaneous T-cell lymphoma. 14, 15 Romidepsin itself is actually a prodrug; upon disulfide bond reduction in vivo, one of the romidepsin thiol side chains is proposed to coordinate to the active site Zn 2+ ion. 15 However, no crystal structure is available to confirm this proposal.
The 16-membered macrocyclic ring of romidepsin is comparable to that of the recently identified marine natural product largazole (Figure 1 ), a cyclic depsipeptide originally isolated from the cyanobacterium Symploca sp. indigenous to Key Largo, Florida. 16 In contrast with romidepsin, largazole contains nonpeptidic thiazole and 4-methylthiazoline groups that rigidify the macrocyclic ring. Like romidepsin, largazole is a prodrug; hydrolysis of its thioester side chain in vivo yields a free thiol group capable of coordinating to the catalytic Zn 2+ ion of HDAC enzymes. Indeed, largazole thiol is believed to be the most potent inhibitor known of HDAC enzymes, 17 exhibiting low nanomolar inhibitory activity against several HDAC enzymes 17,18 and remarkable antiproliferative effects. 16 Largazole was recently hailed in Newsweek as the latest victory in bioprospecting the vast gold mine of marine natural products for new disease therapies. 19 We now report the X-ray crystal structure of HDAC8 complexed with largazole thiol at 2.14 Å resolution ( Figure 2) ; structure determination statistics are recorded in Table S1 in Supporting Information (SI). This is the first structure of an HDAC complex with a macrocyclic depsipeptide inhibitor and the first structure of an HDAC complex in which thiolateÀZn 2+ coordination is observed. Largazole thiol binds to each monomer in the asymmetric unit of the crystal with full occupancy and thermal B factors comparable to those of surrounding residues. The electron density map in Figure 3a shows that the macrocyclic skeleton of the depsipeptide caps the mouth of the active site. The macrocyclic skeleton undergoes minimal conformational changes upon binding to HDAC8, since its backbone conformation is very similar to that of the uncomplexed macrocycle. 20 Thus, the thiazolineÀthiazole moiety rigidifies the macrocyclic ring with a preformed conformation that is ideal for binding to HDAC8.
Although no conformational changes in largazole are required for enzymeÀinhibitor complexation, considerable conformational changes are required by HDAC8 to accommodate the binding of the rigid and bulky inhibitor. Most prominent are conformational changes in the L2 loop, specifically L98-F109, and especially Y100 (Figure 3b ). The C R of Y100 shifts ∼2 Å from its position in the H143A HDAC8Àsubstrate complex, 21 and the side chain rotates nearly 180°. This conformational change is the direct consequence of inhibitor binding and is not observed in HDAC8 complexes with smaller inhibitors. Additionally, D101, a highly conserved residue that functions in substrate binding, 21, 22 also undergoes a conformational change to accommodate inhibitor binding. Previously unobserved conformational changes that accommodate the binding of the bulky depsipeptide may reflect those that accommodate the large protein substrates of HDAC8 in vivo.
Additional conformational changes are evident in the L1 and L2 loops (Figure 3b ). The protein backbone in the L1 loop region, specifically L31-K36, shifts ∼1 Å as a result of the movement of D101 (the influence of D101 on the conformation of L31 has been described 21 ). These structural changes also affect Y111, which rotates approximately 145°. Apart from the conformational change of Y100, the conformational changes of D101, L31, and Y111 are similar to those triggered by the binding of the hydroxamate inhibitor M344 to HDAC8. 21 Inhibitor atoms make hydrogen bond and polar interactions with D101, Y306, and two water molecules, as well as van der Waals interactions with numerous active site residues. Selected enzymeÀinhibitor interactions are listed in Table S2 in SI.
The thiol side chain of largazole extends deep into the active site cleft, where the thiol moiety is likely ionized as the negatively charged thiolate anion as it coordinates to the catalytic Zn 2+ ion. The overall metal coordination geometry is nearly perfectly tetrahedral, with ligandÀZn 2+ Àligand angles ranging on average 107.6°À111.8°. The thiolate moiety exhibits preferred thiolateÀ metal coordination geometry 23 with a thiolate SÀZn 2+ separation of 2.3 Å, a CÀSÀZn 2+ angle of 97.5°, and a CÀCÀSÀZn 2+ dihedral angle of 92.4°(values averaged across monomers A and B in the asymmetric unit). Ideal metal coordination geometry presumably makes a substantial contribution to enzymeÀinhibitor affinity. The structure of the HDAC8Àlargazole thiol complex provides a foundation for understanding structure-affinity relationships in myriad largazole derivatives recently synthesized and studied in various laboratories. For example, altering the length of the thiol side chain, converting the side-chain olefin from a trans to a cis configuration, or changing the stereochemistry of the macrocycle side-chain linkage from (S) to (R), results in significant affinity losses. 24, 25 Each of these structural changes Figure 2 ) and the HDAC8Àsubstrate complex (cyan; PDB code 3EWF, less substrate atoms).
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COMMUNICATION would compromise the ideal Zn 2+ coordination geometry observed in the HDAC8Àlargazole complex. In contrast, substitution of the methyl group of the 4-methylthiazoline moiety with a hydrogen atom has essentially no effect on affinity;
17 the structure of the enzymeÀinhibitor complex shows that this methyl group is oriented parallel to, but does not contact, the protein surface. Possibly, modification with longer and/or larger substituents at this position would allow for the capture of additional affinity interactions on the protein surface.
Other studies demonstrate that the L-valine moiety of largazole thiol can be substituted with L-tyrosine, L-alanine, or glycine without significant loss of affinity.
24À26 It is clear in Figure 3 that the L-valine side chain is pointing directly out toward solvent and does not directly influence the enzymeÀinhibitor interface, so different L-amino acids (or possibly D-amino acids, or R,Rdisubstituted amino acids) might be tolerated at this position as long as they do not perturb the conformation of the macrocyclic ring. Intriguingly, substitution of a pyridine ring for the thiazole ring enhances affinity 3À4 fold. 17 The structure of the enzymeÀinhibitor complex shows that the thiazole ring is oriented away from the protein structure toward solvent, so it is possible that this position, too, could tolerate additional substitution without compromising affinity. Finally, given that the rigid thiazolineÀthiazole system triggers the conformational change of Y100 toward solvent, it is perhaps not surprising that substitution of an oxazolineÀoxazole system likely does the same while preserving or enhancing affinity to different HDAC isozymes. 17 In closing, we note that the structure of the HDAC8-largazole thiol complex also provides a framework for understanding the binding of the drug romidepsin. Given that romidepsin and largazole share the core depsipeptide thiol structural motif (Figure 1) , it is reasonable to conclude that HDAC inhibition by romidepsin is similarly characterized by ideal thiolateÀZn 2+ coordination geometry as observed in the HDAC8Àlargazole complex. Accordingly, the HDAC8Àromidepsin complex is readily modeled based on the crystal structure coordinates of largazole (Figure 4) . This model will be a useful guide for the design of second-generation romidepsin analogues. Given that the active site mouths of HDAC isozymes can differ from one another, the structure-based derivatization of macrocyclic depsipeptide scaffolds may lead to designer depsipeptides capable of isozyme-specific inhibition, a crucial goal of HDAC inhibitor design. 7 This possibility will be addressed in future studies.
' ASSOCIATED CONTENT b S Supporting Information. Largazole preparation; structure determination, refinement, and crystallographic statistics (Table S1 ) for the HDAC8Àlargazole complex; and Table S2 of selected enzymeÀinhibitor interactions. This material is available free of charge via the Internet at http://pubs.acs.org.
Accession Codes
The atomic coordinates and crystallographic structure factors of the HDAC8Àlargazole thiol complex have been deposited in the Protein Data Bank (PDB) with accession code 3RQD.
' AUTHOR INFORMATION
